Mechanical loosening which begins with early-onset migration of the prosthesis is the major reason for failure of the Souter-Strathclyde elbow replacement. In a prospective study of 18 Souter-Strathclyde replacements we evaluated the patterns of migration using roentgen stereophotogrammetric analysis. We had previously reported the short-term results after a follow-up of two years which we have now extended to a mean follow-up of 8.2 years (1 to 11.3). Migration was assessed along the co-ordinal axes and overall micromovement was expressed as the maximum total point movement. The alignment of the prosthesis and the presence of radiolucent lines were examined on conventional standardised radiographs.
Mechanical loosening which begins with early-onset migration of the prosthesis is the major reason for failure of the Souter-Strathclyde elbow replacement. In a prospective study of 18 Souter-Strathclyde replacements we evaluated the patterns of migration using roentgen stereophotogrammetric analysis. We had previously reported the short-term results after a follow-up of two years which we have now extended to a mean follow-up of 8.2 years (1 to 11.3). Migration was assessed along the co-ordinal axes and overall micromovement was expressed as the maximum total point movement. The alignment of the prosthesis and the presence of radiolucent lines were examined on conventional standardised radiographs.
All the humeral components showed increased and variable patterns of migration at the extended follow-up and four humeral components were revised. The maximum total point movement at two years in the revised prostheses was 1.8 mm (SD 1.0) and in the nonrevised 0.7 mm (SD 0.5, p = 0.01). Most humeral components migrated into external rotation resulting in an anterior and varus tilt. The ulnar components remained stable.
Loosening of the humeral component of the Souter-Strathclyde (Stryker, Newbury, United Kingdom) total elbow replacement (TER) is the most common cause of its failure. [1] [2] [3] [4] In a recent study of 204 Souter-Strathclyde TERs the survival rate was 77% after ten years with revision as the endpoint. 5 However, if radiological loosening (complete and progressive radiolucency ≥ 1 mm) of the prosthesis (both components) was taken as an endpoint, the survival rate decreased to 65% after ten years. 6 The explanation for the high rate of mechanical loosening, especially for the humeral component has not yet been established. Some authors have related the rate of mechanical failure to the poor bone stock in rheumatoid arthritis. 2, 7 Others have found that the axis of the elbow was shifted postoperatively. 8 Since the latter results in an increased movement at the prosthesis-bone interface, the humeral component is subject to loosening during daily activities. 8, 9 However, this theory is not supported by a survival analysis which showed poor correlation between the position of the prosthesis and the outcome. 6 This might have been due to the inaccuracy of the measurement of prosthetic alignment on radiographs as well as to the definition of the endpoint for survival of the prosthesis, which was revision. The patterns of component migration can be studied to evaluate their mechanical behaviour. It has recently been further used, for instance, to assess migration of prostheses in the hip, knee and shoulder. [10] [11] [12] [13] [14] Roentgen stereophotogrammetric analysis (RSA) is recognised for its accuracy in assessing the migration of implants. Therefore in order to elucidate the mechanism of the process of aseptic loosening of the Souter-Strathclyde TER we began an RSA study in 1995. In 2002 we presented the shortterm results after follow-up for two years. 15 We now report the long-term outcome in the same series of patients.
Patients and Methods
Between 1995 and 1996 21 TERs were implanted in 18 patients with rheumatoid arthritis. A bilateral procedure was performed in three patients and three were excluded, two because of unplanned movement of the skeletal markers and in the third because of the death of the patient within three months of follow-up leaving 15 patients in total. The Souter-Strathclyde TER is a semiconstrained prosthesis. The indication for operation was pain in the presence of severe joint destruction of grade 4 to 5 on the classification of Larsen, Dale and Eek. 16 The mean age of the patients at operation, after the exclusion of the three elbows was 62 years (50 to 73). The size of the humeral components was medium in 15 elbows, small in two and large in one. No long-stemmed humeral components were used. The sizes of the ulnar components were medium in 13 elbows, small in four and a metalbacked with snapfit in one. The mean follow-up was 8.2 years (1 to 11.3; Table I ). The study protocol was approved by the local ethics committee and all the patients gave informed consent.
The RSA humeral component had three 2 mm vitallium markers attached to the metal of the component whereas in the ulnar component four 0.8 mm tantalum markers had been inserted into the polyethylene (Fig. 1) . 16 We inserted between three and eight 1 mm tantalum markers into the adjacent bone using a custom-made device. These markers provided a co-ordinate system in relation to which the migration of the components was calculated. The locations of the markers in the reference screen defined the global coordinate system and were used to assess the foci of x-ray beams. Their positions were measured with a mechanical measuring device to an accuracy of 0.001 mm. Positive deflections for translations along the co-ordinate axes were lateral to medial in the transverse axis, distal to proximal in the longitudinal axis, and posterior to anterior in the sagittal axis. Positive directions for rotations about the coordinate axes were anterior tilt for the transverse axis (xaxis), internal rotation for the longitudinal axis (y-axis) and varus tilting for the sagittal axis (z-axis). The overall three dimensional (3D) migration and the maximum total point movement, of the prosthesis was measured at one and two year follow-up to correlate the position of the components with the overall migration of the prosthesis. The maximum total point movement represents the total 3D vector translation of the marker which moves the most in any one position during the entire series. This was used as a means of denoting the overall magnitude of the migration along the three orthogonal axes. 17 The radiographs were scanned using a Vidar VXR-12 scanner (Vidar, Lund, Sweden) at a resolution of 150 dots per inch and 8-bit grey scale resolution. The measurement of the marker co-ordinates in the digitised radiographs, the 3D reconstruction of the marker positions and the analysis of the micromovement were performed using the MB-RSA system (MEDIS Specials, Leiden, The Netherlands). When a bone marker migrated more than 0.3 mm in relation to the other bone markers it was considered to be unstable and the patient was excluded from the analysis. The upper limits of the 95% confidence interval (CI) for the accuracy of RSA measurements in the three axes have been calculated by Valstar et al. 15 These accuracies were based on repeated scanning during the first RSA measurements post-operatively. The measurements were performed post-operatively, at three, six and 12 months and then at yearly intervals thereafter.
The position of the prosthesis and radiolucent lines were examined on conventional radiographs using the Wrightington method 18 which consists of 12 position measurements and 21 radiolucent line measurements on conventional radiographs (Fig. 2) . Conventional radiography was performed post-operatively and every two years thereafter in addition to the RSA radiographs. Loosening was defined as complete and progressive radiolucent lines 1 mm and more around the component or migration of the component during follow-up. * revision of the ulnar component to a metal-backed component with snapfit option 14 months after the primary procedure because of recurrent dislocation. This prosthesis was followed for 67 months in total and no other complications were noted † metal-backed ulnar component with snapfit option because of per-operative instability 3 2
Revision of the prosthesis was performed in the presence of clinical symptoms and migration of the prosthesis with a risk of humeral fracture as seen on conventional radiography. Statistical analysis. A linear mixed model was used to investigate the effect of alignment of the prosthesis on translation, rotation and the maximum total point movement with the level of significance set at p-value ≤ 0.05. Student's t-test was used to compare the mean maximum total point movement at one and two years for elbows which were still in situ and for those which had been revised because of aseptic loosening. All data is presented as means with ranges and/or SD and were analysed using SPSS version 14.0 Software (SPSS Inc., Chicago, Illinois).
Results
The clinical outcome of these patients has been reported previously with all showing post-operative improvement. 5, 15 The humeral components were positioned with a mean varus alignment of 6.6° (3° to 20°) on the anteroposterior Diagram showing the Wrightington method 18 for standardised measurements on conventional radiographs (HAP, humeral anteroposterior view; HLAT, humeral lateral view; UAP, ulnar anteroposterior view; ULAT, ulnar lateral view). view and with a mean flexion of 4° (6° extension to 8° of flexion) on the lateral view (Table II) .
The translation and rotation patterns of the humeral components were very diverse (Figs 3 to 5) . In all, nine humeral components showed rotation of > 1° in the x-and y-axes (-2.4° to +2.3° and -3.9° to +1.7°, respectively) and three had rotations of more than 1° in the z-axis (-1.4°t o +2.5°) during the first two years post-operatively. Longitudinal rotation (y-axis) of the humeral components during the follow-up period. The 95% confidence interval of the accuracy of the RSA measurements is given (bold dark lines). A positive value indicates internal rotation. The thick, coloured lines are the elbows which loosened and were revised. The dotted lines are the elbows which were defined as being at risk according to the study of Valstar et al. 15 Translations of the humeral component of more than 1.0 mm were seen in two elbows in the x-axis (-0.7 to +2.6 mm) and in one in the y-and z-axes (-0.5 to +1.1 mm and -0.4 to +1.3 mm, respectively) during the first two years of follow-up.
In all, four humeral components were revised at a mean follow-up of eight years (5.6 to 11.1). These had a mean maximum total point movement of 1.4 mm (SD 0.8) whereas the non-revised humeral components had a mean maximum total point movement of 0.9 mm (SD 0.9, p = 0.34) at the follow-up at 12 months. At 24 months these values were 1.8 mm (SD 1.0) and 0.7 mm (SD 0.5), respectively (p = 0.01). These patients were asymptomatic and none had radiological evidence of loosening. No differences in the maximum total point movement between the revised and non-revised elbows were seen after follow-up for two years.
Using a mixed-model technique, no significant relationship was found between varus/valgus and flexion/extension humeral alignment and translations along any of the three axes or the maximum total point movement during the first two years post-operatively (Table III) . Considering the long-term RSA follow-up, the only significant effect found was an increase in the movement of 0.18 mm for every additional degree of varus position of the humeral component on the first post-operative radiograph (p = 0.02).
For the ulnar components, we did not observe any large micromovements or variable patterns of migration although the precision of the measurements was lower than that for the humeral components (Table IV) . During the first two years of follow-up, only one ulnar component rotated more than 1° and thereafter migration stabilised. Only two ulnar components had radiolucent lines, but these were non-progressive during the follow-up period.
Discussion
The RSA migration data of the Souter-Strathclyde elbow prosthesis show that almost all the humeral components migrated up to several millimetres and rotated several degrees in a variable pattern beginning in the early period of follow-up. This implies that the initial fixation of these components was less than perfect and that the process of loosening started during the first post-operative years. The overall migration pattern of the humeral components was in an anterior-varus-external rotation pattern. In this pattern the rotatory migration of the humeral component around the y-axis, external rotation, occurred during the first post-operative year and represented the direction of the most progressive continuous migration. Between the one-and two-year follow-up, there was also an anterior tilt of the humeral component. Whether this early migration pattern is typical for the Souter-Strathclyde prosthesis was not the focus of our study. However, since the results for the long-stemmed type of this prosthesis have been better than those for the short-stem type in one study, it may be argued that there has been an improvement in the design of the humeral component.
2 By contrast, only one ulnar component rotated more than 1° and none of the ulnar components migrated excessively. The rest remained stable and well fixed. 3 Stable ulnar components were also seen in an RSA study on the Kudo elbow prosthesis (Biomet Inc., Warsaw, Indiana), but the follow-up only extended to two years. 19 For total hip and knee prostheses increased micromovement in the short-term has been found to be related to the long-term survival of the implants. 20, 21 The endpoint of survival of the prosthesis, which usually means revision, is a less objective measure compared with measurements of migration. Since every prosthesis has its own specific migration pattern, absolute migration values for one prosthesis cannot be generalised to all. In our shortterm study of these elbows we claimed that any increase in translation greater than 0.4 mm or any increase in rotation larger than 1° during the second post-operative year was a risk factor for premature loosening. 15 These assumptions were based on an RSA study at the knee. 21 According to Longitudinal rotation (y-axis) of the humeral components during the follow-up period. The 95% confidence interval of the accuracy of the RSA measurements is given (bold dark lines). A positive value indicates internal rotation. The thick, coloured lines are the elbows which loosened and were revised. The dotted lines are the elbows which were defined as being at risk according to the study of Valstar et al. that definition, eight of the 18 humeral components were at risk of loosening at two years. None of the ulnar components were at risk of loosening. However, of these eight elbows only one was found to be clinically loose and loose on plain radiographs. When examined by RSA at a longterm follow-up of 121 months, it subsequently required revision. Three other elbows were radiologically loose, but they were not defined as being at risk in the short-term study. 15 This may have been due to two factors. First, almost all the humeral components showed variable patterns of micromovement along the three orthogonal axes, indicating that the components were probably loose. However, comparison of the revised Souter-Strathclyde prostheses with the non-revised implants showed a higher maximum total point movement at two year follow-up for the former group. Secondly, it is possible that the detection of radiolucent lines along the bone-cement interface of the humeral component was poor. This combined with the small number of implants may have increased the likelihood of a type-II error. Although most humeral components have high levels of micromovement, the absence of clinical symptoms, even when the prosthesis has loosened, is typical. The same absence of symptoms in loosened shoulder replacements has already been described. 22, 23 The shape of epicondylar ridges of the distal humeral bone may predispose the humeral component to loosening. Excision of too much bone at this site could allow small movement of the cement-prosthesis complex between the medial and lateral pillar. As a consequence the humeral component and the surrounding cement mantle could move in these pillars which are not rigidly joined at the humeral diaphysis. Although these migrations can be as large as 2 mm, they do not appear to be progressive, possibly because of the relatively low demand on the joint in the daily activities of * number of measurable elbows at that follow-up † 95%CI, 95% confidence interval ‡ only one measurement, SD not possible rheumatoid patients. Assessment of standardised conventional radiographs using the Wrightington method, showed that a prediction of humeral loosening could be made within four years after surgery in our series (Table IV) . However, the RSA studies on the migration of the components started much earlier and established that all the components had migrated. This is in agreement with another study which found that radiolucent lines can be obscured by the prosthesis itself. 24 At the long-term follow-up almost all the humeral components, including those defined to be 'at risk' for loosening in our short-term study, were migrating. However, the predictive value of early migration for the long-term survival of the prosthesis, which was found by others, was less obvious in our study because of the definition of the endpoint in the survival analysis. 20, 21 Although revision is the visual endpoint in survival analysis, as the elbow is mechanically less stressed during activities of the hip and knee, a loosened elbow prosthesis causes fewer symptoms and is therefore less likely to warrant revision. The effect of different definitions of the endpoint on survival analysis has been shown previously. 25 Surrogate definitions of the performance of a prosthesis such as survival analysis give some information on function, but insight into the underlying mechanism of loosening can only be gained by performing fluoroscopic studies under loaded conditions, however inducible displacement studies of elbow prostheses cannot be endorsed because of the high risk of fracture during these tests.
In our series prediction of the failure of the SouterStrathclyde prosthesis based on the results of RSA measurements at two years have not been confirmed at the long-term follow-up.
